This study proposes a model for estimating the properties of mechanically induced long-period fiber gratings (MLPFGs) based on polarization and applied pressure. The model arises from the linear relation between the applied pressure and coupling coefficients of MLPFGs through utilization of Jones matrix analysis. The transmission property of a fabricated MLPFG can be easily estimated using the relation between the applied pressure and coupling coefficients obtained from the measured spectra of MLPFGs. The estimated spectra around the resonance wavelengths based on our proposed model show good agreement with the measured ones.
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Introduction
Mechanically induced long-period fiber gratings (MLPFGs) have an attractive property; their transmission spectra strongly depend on the applied pressure from their surroundings because the periodic refractive index modulations of MLPFGs vary directly with pressure [1] . Moreover, MLPFGs have unique advantages including simple fabrication, immunity to electromagnetic interference, resistance against fire or sparks, and compatibility with remote and multiplex operation [2] . Therefore, MLPFGs have been extensively studied for use in cost-effective and highly functional optical sensors or devices [2] [3] [4] [5] .
The transmission spectrum of a MLPFG strongly depends on the state of polarization (SOP) of the incident light applied to the MLPFG [6, 7] . Therefore, for estimating the polarization dependence of resonance loss in MLPFGs, considering the optical sensors or devices based on MLPFGs is important. When designing MLPFGs, it is also important to understand the relation between the applied pressure and the induced change in the refractive index in the core of the fiber [8] . However, characterizing this relation is difficult because it strongly depends on the material properties of the MLPFG, such as that of the fibers, coating materials, and pressurized substances, as well as on the placement of the materials.
In this study, we propose a model for estimating the properties of an MLPFG based on polarization and applied pressure. Our model arises from the linear relation between applied pressure and coupling coefficients of MLPFGs and utilizes Jones matrix analysis [9] . The transmission spectrum of the fabricated MLPFG at any applied pressure and SOP of the incident light can be easily estimated from the measured spectra of the MLPFG using our model. 
where P denotes the induced relative phase difference between the x-and y-polarization. ax and ay are the transmittances for the x-and y-polarized electric fields, respectively, at a wavelength of . In the followings subscription i (i=x or y)
denotes the value for i-polarizaiton. The transmitted power through the MLPFG can be expressed by the following equation [8] :
where L is the length of the MLPFG.  is the ac cross-coupling coefficient between the core and cladding modes [8] and ' is a general dc self-coupling coefficient [8] defined as
where co and cl are the propagation constants of the core and cladding modes, respectively.  is the dc coupling coefficient [8] .  and neff are the grating pitch and effective index difference between the core and cladding modes, respectively.
Here we assume that the wavelength dependence of the coupling coefficients ,  and neff is small and that these coefficients change linearly with the applied pressure, P [8, 9] . Thus, each coefficient can be represented as a function of the applied pressure as follows:
, and
The minimum transmittance of the MLPFG is
which occurs at the wavelength p when
The maximum transmittance of the MLPFG occurs at 0 when
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From (8) and (10), the following equations hold:
The Jones vector of the incident light, [Ein] , can be written as
The Jones vector of the output light from the MLPFG, [Eout] , and the transmitted power through the MLPFG, Iout, can be expressed using the following equations:
Unpolarized light, such as white light, vibrates in any direction at a given time.
Therefore, in and  vary randomly for unpolarized light. Hence, the average 
The measured ac coupling coefficient,  at an applied pressure, can be determined using (7) and the measured resonance loss of the MLPFG. Thus,  can be estimated as a function of applied pressure, P, by determining the constants A and B in (4) using the measured ac coupling coefficient of the MLPFG. The measured dc coupling coefficient,  for an applied pressure can be calculated using the measured resonance wavelength, p, minimum loss wavelength, 0, measured ac coupling coefficient, , and the parameters of MLPFG based on (11). Thus,  can be estimated as a function of applied pressure by determining the coefficients C and D in (5) from the measured dc coupling coefficients . The effective index difference, neff, between the core and cladding modes can be estimated as a function of applied pressure by determining the constants E and F in (6) from p and  using (12). The transmitted power of the MLPFG for a given SOP and pressure can be estimated by combining (2), (3), (4), (5), (6), (11), (12), (13), (15), and (16). Fig. 1 (a) shows the experimental setup for measuring the transmission spectra of the MLPFG at various pressures. A MLPFG was fabricated using a standard telecommunication optical fiber (ITU-T. G.652), a metallic screw, an aluminum plate, and weights in the range of 15.0 to 30.0 kg. The pitch and the length of the screw were 500 m and 5.0 cm, respectively. We measured the applied pressure dependence of the transmission spectra of the MLPFG by varying the amount of weight applied. The transmission spectra with unpolarized light were measured using a white light source and an optical spectrum analyzer (OSA). The transmission spectra for x-and y-polarized light were measured using a polarizer, a polarization controller, a superluminescent diode, and an OSA. Fig. 2 shows the pressure dependence of the transmission spectra of the MLPFG for x-and y-polarized light and those for unpolarized light. The solid and dotted lines show the measured and simulated spectra, respectively. The red, blue, and black lines show the transmission spectra for x-polarized, y-polarized, and unpolarized light, respectively. Note that the transmission spectra of the MLPFG with the microbending loss removed are shown in Fig. 2 . We estimated the coupling coefficients, andas a function of the applied pressure according to (4) and (5) using the measured spectra. Fig. 3 shows how ,  and neff vary with the pressure.
The circles and crosses show the estimated parameters for x-and y-polarized light, respectively. The solid lines are fitted to the experimental data. The estimated coefficients (Ax, Bx, Ay, By, Cx, Dx, Cy, Dy, Ex, Fx, Ey, and Fy) were obtained (0.251, 9.18, 0.272, 8.51, −0.1296, 9478, −0.1908, 9235, 7 .87 × 10 −8 , −0.0016, 1.40 × 10 −7
, and −0.0015, respectively). It is confirmed that these parameters are directly proportional to the applied pressure as expected. The spectrum around the resonance wavelengths can be successfully estimated using our model and the estimated spectra are in good agreement with those measured experimentally.
Conclusions
We proposed a model for estimating MLPFG properties based on polarization and applied pressure. We fabricated a simple MLPFG using an aluminum plate, a metallic screw, a standard telecommunication fiber, and some weights. Then, we measured the applied pressure dependence of the transmission spectrum of the MLPFG. The estimated spectra around the resonance wavelengths based on our proposed model agree with those measured experimentally. An estimation error occurs at wavelengths far from the resonance wavelengths. Further studies are required to determine the underlying cause for this estimation error. However, the resonance loss and resonance wavelength are the most critical for MLPFGs that are used as sensors [2] [3] [4] [5] . Therefore, we believe that our proposed model is useful for estimating the properties of fabricated MLPFGs.
